One contribution of 15 to a theme issue 'Auditory and visual scene analysis'. Because musicians are trained to discern sounds within complex acoustic scenes, such as an orchestra playing, it has been hypothesized that musicianship improves general auditory scene analysis abilities. Here, we compared musicians and non-musicians in a behavioural paradigm using ambiguous stimuli, combining performance, reaction times and confidence measures. We used 'Shepard tones', for which listeners may report either an upward or a downward pitch shift for the same ambiguous tone pair. Musicians and non-musicians performed similarly on the pitch-shift direction task. In particular, both groups were at chance for the ambiguous case. However, groups differed in their reaction times and judgements of confidence. Musicians responded to the ambiguous case with long reaction times and low confidence, whereas non-musicians responded with fast reaction times and maximal confidence. In a subsequent experiment, non-musicians displayed reduced confidence for the ambiguous case when pure-tone components of the Shepard complex were made easier to discern. The results suggest an effect of musical training on scene analysis: we speculate that musicians were more likely to discern components within complex auditory scenes, perhaps because of enhanced attentional resolution, and thus discovered the ambiguity. For untrained listeners, stimulus ambiguity was not available to perceptual awareness.
Introduction
Two observers of the same stimulus may sometimes report drastically different perceptual experiences [1, 2] . When such interindividual differences are stable over time, they provide a powerful tool for uncovering the neural bases of perception [3] . Here, we investigated interindividual differences for auditory scene analysis, the fundamental ability to focus on target sounds amidst background sounds. We used an ambiguous stimulus [4] , as inconclusive sensory evidence should enhance the contribution of idiosyncratic processes [5] . We further compared listeners with varying degrees of formal musical training, as musicianship has been argued to affect generic auditory abilities [6] . Finally, we combined standard performance measures with introspective judgements of confidence [7] . This method addressed a basic but unresolved question about ambiguous stimuli: are observers aware of the physical ambiguity, or not [8, 9] ?
Ambiguous stimuli have been used to uncover robust interindividual differences in perception. For vision, colour [1] or motion direction [10] can be modulated by strong and unexplained idiosyncratic biases, that are surprisingly stable over time. For audition, reports of pitch-shift direction between ambiguous sounds have also revealed stable biases [2] that are correlated with the language experience of listeners [11] , although this has been debated [12] . Stable interindividual differences also extend to the so-called metacognitive abilities, such as the introspective judgement of the accuracy of percepts [7, 13] .
Such reliable interindividual differences can provide useful methodological tools, to reveal underlying associations between different behavioural measures [14] , or to relate perceptual measures to clinical symptoms [15] . Variations in behaviour can also be correlated with variations in physical characteristics, to probe the neurophysiological [16, 17] , neuroanatomical [3] or genetic [18] bases of perceptual processing.
For auditory perception, one long-recognized source of interindividual variability is musical training [19] . Musical training provides established benefits for music-related tasks, such as fine-grained pitch discrimination [6, 20] . Generalization to basic auditory processes is still under scrutiny however. In particular, a number of studies have investigated whether musicianship improved auditory scene analysis. Musicians were initially shown to have improved intelligibility for speech in noise, which was correlated to enhanced neural encoding of pitch [21] . However, attempts to replicate and generalize these findings have been unsuccessful [22] . An advantage for musicians was subsequently found by emphasizing non-auditory aspects of the task, by using intelligible speech as a masker instead of noise [23, 24] , but null findings also exist with intelligible speech as the masker [25] . For auditory scene analysis tasks not involving speech, musicians were better at extracting a melody [26] or a repeated tone [27, 28] from an interfering background. Musicians were also more likely to discern a mistuned partial within a complex tone [29] or within an inharmonic chord [30] .
Here, we take the comparison between musicians and non-musicians to a different setting, using ambiguous stimuli. We used Shepard tones [4] , which are chords of many simultaneous pure tones, all with an octave relationship to each other (figure 1a). When two Shepard tones are played in rapid succession, listeners report a subjective pitch shift, usually corresponding to the smallest log-frequency distance between successive component tones (figure 1b(i) or (iii)). When two successive Shepard tones are separated by a frequency distance of half-an-octave, however, an essential ambiguity occurs: there is no shortest log-frequency distance to favour either up or down pitch shifts (figure 1b(ii)). In this case, listeners tend to report either one or the other pitch-shift direction, with equal probability on average across trials and listeners [4] . Interindividual differences have been observed for the direction of the reported shift, with listeners displaying strong biases for one direction of pitch shift for some stimuli, but without any systematic effect of musicianship [2, 11] .
We did not investigate interindividual differences in pitch-shift direction bias, but rather, differences in the introspective experience of Shepard tones: are listeners aware of the ambiguity, or not? The experimental evidence for ambiguity so far has been an equal split between 'up' and Figure 1 . Illustration of the ambiguous and non-ambiguous stimuli. (a) Shepard tones were generated by adding octave-related pure tones, weighted by a bellshaped amplitude envelope. (b) Pairs of Shepard tones, T1 and T2, were used in the experiment. The panels show frequency intervals of 3 st (i), 6 st (ii) and 9 st (iii) between T1 and T2. When reporting the pitch shift between T1 and T2, participants tend to choose the shortest log-frequency distance: 'up' for 3 st and 'down' for 9 st. For 6 st, there is no shortest log-frequency distance. The stimulus is ambiguous and judgements tend to be equally split between 'up' and 'down'.
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'down' pitch shift reports, for the same stimulus. However, there are three possible reasons for such an outcome. First, listeners may hear neither an upward nor a downward shift, and respond at chance. Second, listeners may hear upward and downward shifts simultaneously, and randomly choose between the two. Third, listeners may clearly hear one direction of shift, and report it unhesitatingly, but this direction may change over trials. The question bears upon current debates on the nature of perception with under-determined information, which is the general case. The first two options, hearing neither or both pitch shifts, would be compatible with what has been termed vagueness: response categories are fuzzy and non-exclusive, and observers are aware of their uncertainty when selecting a response [31, 32] . The third option would be more akin to what is assumed for bistable stimuli [9] . We will designate this third option as a 'polar' percept: observers are sure of what they perceive and unaware of the alternatives, but they differ in which percept they are attracted to. Based on informal observations, Shepard described ambiguous tone pairs as polar [4] . Deutsch further argued that the stable individual biases observed for such sounds pointed to polar percepts [2] . Interestingly, however, the idiosyncratic biases can be overcome by context effects [33] or cross-modal influence [34] , suggesting that both percepts may be available to the listener. Here we assessed the listeners' introspective confidence in their judgement of Shepard tone pairs.
In three behavioural experiments, we investigated the perception of pitch shifts between Shepard tone pairs, comparing ambiguous and non-ambiguous cases. We collected pitch-shift direction choices, but also reaction times and judgements of confidence. We hypothesized that, if listeners were aware of the perceptual ambiguity in physically ambiguous stimuli, this would translate into longer reaction times [8, 35] and lower confidence judgements. We further compared musicians and non-musicians, hypothesizing that musicians may be better able to discern individual components within complex Shepard tones [29, 30] and thus be more likely to report the ambiguity. We finally assessed whether non-musicians could report the ambiguity when the component tones were made easier to discern, through acoustic manipulation [36] . Results suggested that the Shepard tones were polar for the naive non-musicians listeners, but that musicianship or acoustic manipulation could reveal the ambiguity. Musicians had more than 5 years of musical practice in an academic institution. Among them, three were professionals (a clarinet player, a pianist, and a composer and pianist, all with self-reported absolute pitch). Among the non-musicians, four reported having no musical training whatsoever, the other four having practised an instrument for less than 4 years in a non-academic institution. Such a binary distinction between musicians and non-musicians was arbitrary and based on the sample of participants who volunteered for the experiment. A finer sampling is presented later with the online experiment. The two groups did not differ with respect to age (two-samples t-test, t 14 ¼ 0.39, p ¼ 0.69). All were paid for participation in the experiment.
Main experiment
(ii) Stimuli
Shepard tones were generated as in [33] . Briefly, nine pure tones all with an octave relationship to a base frequency, Fb, were added together to cover the audible range. They were amplitude-weighted by a fixed spectral envelope (Gaussian in log-frequency and linear amplitude, with M ¼ 960 Hz and s.d. ¼ 1 octave; figure 1a) . A trial consisted of two successive tones, T1 and T2, with tone duration of 125 ms and no silence between tones. The Fb for T1 was randomly drawn for each trial, uniformly between 60 and 120 Hz, to counterbalance possible idiosyncratic biases in pitch-shift direction preference [2, 33] . The Fb interval between T1 and T2 was randomly drawn from a uniform distribution between 0 semitones (st) and 11 st in steps of 1 st. The interval of 6 st corresponds to a half octave, the ambiguous case. Each interval was presented 40 times with presentation order randomly shuffled. To minimize context effects [33] , participants were played an intertrial sequence of five tones between trials, with tone duration of 125 and 125 ms of silence between tones. The intertrial tones were similar to Shepard tones but with a half-octave relationship between tones. The Fb for intertrial tones was randomly drawn, uniformly between 60 and 120 Hz. The experiment lasted for about 90 min, in a single session split over four blocks.
(iii) Apparatus and procedure
Participants were tested individually in a double-walled soundinsulated booth (Industrial Acoustics). Stimuli were played diotically through an RME Fireface 800 soundcard, at 16-bit resolution and a 44.1 kHz sampling rate. They were presented through Sennheiser HD 250 Linear II headphones. The presentation level was 65 dB SPL, A-weighted. Participants provided an 'up' or 'down' response through a custom-made response box, which recorded reaction times with submillisecond accuracy. The right/left attribution of responses was counterbalanced across participants. Trial presentation was self-paced. A trial was initiated by participants depressing both response buttons. This started a random silent interval of 50-850 ms followed by the stimulus pair T1-T2. Participants were instructed to release as quickly as possible the response button corresponding to the pitch-shift direction they wished to report. Then, participants used a computer keyboard to rate their confidence in the pitch-shift direction report. They used a scale from 1 (very unsure) to 7 (very sure). The intertrial sequence was then played and the next trial was ready to be initiated.
(iv) Screening procedure
We asked participants to report pitch-shift direction, a task for which variability in performance is well documented [37] . A screening test was therefore applied, as in [33] , to select participants who could report pitch shifts reliably. Briefly, rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 372: 20160107 prospective participants were asked to report 'up' or 'down' shifts for pure tone or Shepard tone pairs, and a minimum accuracy of 80% for a 1-st interval was required. Broadly consistent with previous reports [33, 37] , 10 participants out of 26 failed the screening test and were not invited to proceed to the main experiment. All of those who failed the screening test were non-musicians. The relatively large proportion of failure may have been caused by our use of frequency roving in a pitchshift identification task [38] . Also, we did not provide any training prior to the brief screening procedure, which could have affected performance on the pitch direction task for naive participants [39] .
(v) Data analysis for perceptual performance
For each participant and interval, we computed the proportion of 'up' responses, P(up), for the pitch-shift direction choices. Psychometric curves were fitted to the data for individual participants over the 1-11 st interval range, using cumulative Gaussians and estimating their parameters using the psignifit software [40] . The fitting procedure returned the point of subjective equality corresponding to P(up) ¼ 0.5; a noise parameter corresponding to the standard deviation of the cumulative Gaussian, s, inversely related to the slope of the psychometric function; and the two higher and lower asymptotes. The response times (RTs) were defined relative to the onset of T2, the first opportunity to provide a meaningful response. RTs faster than 100 ms were discarded as anticipations. Because of the long-tailed distribution typical of RTs, the natural logarithms of RTs were used for all analyses.
(vi) Data analysis for metacognitive performance
We used an extension of the signal detection theory framework to quantify the use of the confidence scale by each participant [41] . In this framework, a stimulus elicits a value of an internal variable, and this value is used to predict both perceptual decisions and metacognitive judgements of confidence. For perceptual decisions, as is standard with signal detection theory, the internal variable is compared to a fixed criterion value. For confidence judgements, it is the distance between the internal variable and the criterion that is used: values closer to the criterion should correspond to lower confidence. Assuming no loss of information, the metacognitive performance of each participant can then be mathematically derived from the perceptual performance. As shown in [41] , this performance can be expressed as 'meta-d 0 ', which measures the perceptual information (in d 0 units) that is translated into the empirical metacognitive judgements. Under those assumptions, meta-d 0 equals d 0 for participants with ideal metacognition. A complete formulation of the method is available in [41, 42] and comparisons with other techniques are reviewed in [43] . For each participant, we computed d 0 , metad 0 , and the ratio meta-d 0 /d 0 , which quantifies the efficacy of metacognitive judgements [43] . Intervals from 1 to 5 st, which had an expected correct response of 'up', were treated as signal trials. Intervals from 7 to 11 st, which had an expected correct response of 'down', were treated as noise trials. Intervals of 0 and 6 st, for which there was no expected correct or incorrect response, were discarded from this analysis. For the confidence judgements, we summarized confidence levels using a median-split for each participant and added onefourth trial to responses for each condition (stimulus Â response Â confidence) to ensure that there were no empty cells in the analysis.
(b) Results (i) Pitch-shift direction responses
As expected, both musicians and non-musicians reported mostly 'up' for small intervals and 'down' for large intervals (figure 2a), corresponding to the shortest log-frequency distances between successive components. Performance was around the chance level of P(up) ¼ 0.5 for both the 0-st interval, corresponding to no physical difference between T1 and T2, and the 6-st interval, corresponding to the ambiguous case with no shortest log-frequency distance. Overall accuracy, as measured by s, was statistically indistinguishable between musicians and non-musicians (two-samples t-test, t 14 ¼ 0.45, p ¼ 0.65). The trend for higher performance for musicians at the extreme of the raw values (figure 2a) was not confirmed in the fitted psychometric functions (upper asymptote:
The point of subjective equality corresponding to P(up) ¼ 0.5 was not different from 6 st for both groups (musicians:
(
ii) Response times
Perhaps predictably, the longest RTs for judging the pitch-shift direction were observed for 0 st (figure 2b), corresponding to identical sounds for T1 and T2. For the other intervals, the pattern of responses differed across groups. Musicians were slower for the ambiguous 6-st interval than for the less ambiguous intervals, whereas non-musicians showed a trend to be faster for the ambiguous interval. We tested the statistical reliability of this observation by averaging the log-RTs for non-ambiguous intervals (all intervals in the 1-11 st range except 6 st) and comparing this value with the log-RT at 6 st. The analysis confirmed that musicians were slower for the ambiguous interval compared with non-ambiguous intervals (paired t-test, t 7 ¼ 23.72, p ¼ 0.007). For non-musicians, the difference was not significant (t 7 ¼ 0.93, p ¼ 0.38). Finally, to test the interaction between response pattern and group, we computed the difference between the averaged non-ambiguous cases and the ambiguous case, what we term the 'ambiguity effect'. The ambiguity effect was then contrasted across groups. The contrast was significant (t 14 ¼ 3.07, p ¼ 0.008), confirming that musicians and non-musicians displayed different ambiguity effects in terms of log RT.
(iii) Confidence ratings
Confidence was lowest for 0 st, and lower for musicians than non-musicians at this interval (figure 2c). For the other intervals, the patterns of responses differed across groups. Musicians, but not non-musicians, displayed a dip in confidence for the ambiguous case. We used the same analysis method as above to quantify this observation. For musicians, confidence was higher for the non-ambiguous intervals than for the ambiguous interval (t 7 ¼ 3.38, p ¼ 0.012). For nonmusicians, the pattern was reversed, with higher confidence for the ambiguous interval (t 7 ¼ 23.34, p ¼ 0.012). Note that this ambiguous interval also contained the largest logfrequency distance between successive components of T1 rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 372: 20160107 and T2. The interaction between group and ambiguity, tested with the ambiguity effect, was significant (t 14 ¼ 24.43, p ¼ 0.001). Musicians and non-musicians displayed different ambiguity effects in terms of confidence.
(iv) Metacognitive performance
We investigated whether the difference in confidence judgements between non-musicians and musicians could be explained by a different use of the confidence scale. We estimated a meta-d 0 for each participant, which measures the perceptual information (in d 0 units) needed to explain the empirical metacognitive data, and expressed the results as the meta-ratio of meta-d 0 /d 0 (see §2a and [41]). We observed relatively low values of meta-ratio overall, and no difference between groups (musicians:
Moreover, there was no correlation between meta-ratio and ambiguity effect (Pearson correlation coefficient r 14 ¼ 0.24, p ¼ 0.36). The metacognitive analysis thus suggests that not all of the perceptual evidence available for pitch-shift direction judgements was used for confidence judgements, but that, importantly, the efficacy of each individual participant in using the confidence scale was not related to the ambiguity effect.
(v) Correlation of response times and confidence
We hypothesized that RTs and confidence judgments would be negatively correlated. To test this hypothesis, we calculated the correlation between the log-RTs and confidence values for each participant separately, over the 1-11 st range. We found negative correlations for almost all participants (figure 2d). The relationship between the two variables was strong (Pearson correlation coefficient r averaged across participants, M ¼ 20.7, s.d. ¼ 0.23).
Online experiment: replication on a larger cohort (a) Rationale
In the main experiment, we observed different ambiguity effects for non-musicians and musicians. However, the comparison rested on a relatively small sample size (eight in each 
We performed an online experiment to try to replicate our main findings on a larger cohort. Participants first completed a questionnaire about their music background. Then, they performed the pitch-shift direction task, followed by the confidence task, for a reduced set of intervals containing non-ambiguous and ambiguous cases. Response times were not collected for technical reasons and also because they were correlated with confidence in the main experiment. Thanks to the number of online participants with useable data (n ¼ 134), we could then compare the effect of ambiguity with years of musical training. (ii) Questionnaire
(b) Methods (i) Participants
We collected information about years of formal musical training, current practice and type of instrument played. For simplicity, and to be consistent with the main experiment, we only used the duration of formal musical training as a shorthand for musicianship. In the self-selected sample of the online experiment, mean number of years of musical training was M ¼ 8.7 years (s.d. ¼ 8.5). For group contrasts, we used the same criterion as for the main experiments: musicians were participants with 5 years or more of formal musical training. This resulted in a sample comprising 90 musicians and 83 non-musicians.
(iii) Stimuli and procedure
Test pairs of T1-T2 Shepard tones were generated prior to the experiment, as in the main experiment. To keep the experiment at a reasonable length, we only presented intervals of 0, 2, 4, 6, 8 and 10 st. Each interval was presented 12 times and the presentation order was shuffled across participants. Participants were instructed to listen over headphones or loudspeaker, preferably in a quiet environment, but no attempt was made to control the sound presentation conditions. After each trial, they provided a pitch-shift direction response by means of the up or down arrows on the keyboard. They were then asked for their confidence ratings on a scale ranging from 1 to 7 (1 ¼ very unsure, 7 ¼ very sure) using number keys on the keyboard. Between each trial, an intertrial sequence of three tones was played. Randomly interspersed with experimental trials were four catch trials, containing two successive harmonic complex tones (first six harmonics with flat spectral envelope) at an interval of 12 st. These catch trials were intended to contain large and unambiguous pitch shifts, which attentive participants should have no difficulty in reporting correctly. The online experiment contained a final part, where we attempted to measure performance for the detection of a mistuned harmonic within a harmonic complex [29, 44] . However, because a large proportion of participants failed to complete this last phase, results were too noisy to be meaningfully analysed and will not be reported here.
(c) Results (i) Data-based screening
Data were expected to be noisy, especially as we did not control the equipment used for playback nor the attentiveness of participants. Therefore, we chose to perform a data-based screening of participants, using their performance on the pitch-shift direction task (and not the confidence judgements). Psychometric functions were fitted to the data for each participant (see §2a (
ii) Pitch-shift direction responses
Participants responded in the expected way for unambiguous cases and responses were close to P(up) ¼ 0.5 for the ambiguous case (figure 3a 
(iii) Confidence ratings
As for the main experiment, musicians showed a dip in confidence for the ambiguous case, whereas non-musicians showed a broad peak in confidence for the same stimulus (figure 3b). However, the contrast between intervals was less pronounced than in the main experiment. Moreover, musicians gave higher confidence values than non-musicians overall. The same statistical analysis as for the main experiment was applied: confidence for non-ambiguous intervals of 2, 4, 8 and 10 st was averaged and compared to confidence for the ambiguous interval of 6 st. Musicians were less confident for the ambiguous interval (t 85 ¼ 24.22, p , 0.001), whereas non-musicians showed equivalent confidence for the two types of intervals (t 47 ¼ 1.21, p ¼ 0.23). The interaction between group and confidence was significant, as estimated by the ambiguity effect (t 132 ¼ 3.45, p ¼ 0.001). To illustrate the difference between groups, histograms of the ambiguity effect for individual participants are displayed in figure 3c . Thus, even though the rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 372: 20160107 differences across groups were less pronounced on average than in the main experiment, presumably because of the noisy nature of online data, the main findings were replicated.
(iv) Metacognitive performance
The meta-ratio analysis revealed a difference between musicians and non-musicians (musicians: M ¼ 0. 
(v) Correlation with musical expertise
The ambiguity effect became more pronounced (more negative) with years of musical training (figure 3d). The rank-order correlation between the two variables was negative and significant (r 132 ¼ 20.25, p ¼ 0.004). Inevitably, the measure 'years of musical training' was partly confounded by 'age'. Also, one outlier participant with 25 years of musical training displayed an especially strong ambiguity effect, which could in part have driven the correlation. We performed an additional correlation restricting the analysis to participants younger than 35 years, retaining 73 musicians and 41 non-musicians (and thus excluding the outlier, who was over 35 years and removing outliers, the correlation between years of musical practice and the ambiguity effect was maintained (r 112 ¼ 20.37, p , 0.001).
Control experiment: discerning component tones (a) Rationale
The main experiment and its online replication suggest that musicians were aware of the ambiguity at 6 st, whereas non-musicians were not. Following our initial hypothesis, this would be consistent with a perceptual difference between musicians and non-musicians: musicians were able to discern the component tones of the stimuli, which enabled them to discover the ambiguity. But it is also possible that the difference was in the report itself. Possibly, non-musician participants also heard out the different component tones, but were unable to discover the ambiguity. We assessed this possibility by making component tones easier to discern for non-musicians, through acoustic manipulation. We compared conditions where all component tones started in synchrony, as in the previous two experiments, with conditions where the onset of each tone was jittered in time.
Successive components of complex chords that would be normally fused can be explicitly compared when onset jitter is applied [36] . We hypothesized that, if non-musicians could discern component tones thanks to onset jitter, they would behave as the musicians of the main experiment.
(b) Method (i) Participants
Sixteen naive participants were tested (age M ¼ 24, s.d. ¼ 0.8, 6 men and 10 women). All had less than 5 years of formal musical training and were thus labelled non-musicians by our criterion. They were paid for their participation.
ii) Stimuli
Three values of temporal jitter were used. For 0-ms jitter, stimuli were T1-T2 test pairs generated as in the main experiment. For 50-ms jitter, a time jitter was introduced on the onset of individual component tones. Nine different onset-time values, linearly spaced between 0 and 50 ms, were assigned, at random on each trial, to the components of T1 and T2 independently. For 100-ms jitter, the jitter values were linearly spaced between 0 and 100 ms. We tested intervals of 0, 2, 4, 6, 8 and 10 st between T1 and T2, as in the online experiment. An intertrial sequence of five tones, of the same type of those in previous experiments and thus with no jitter, was presented after each trial.
Participants were tested individually in a sound-insulated booth, as in the main experiment. They performed six blocks, with a short rest after each block. The total duration of the experiment including the rests was approximately 3 h, performed in a single session. During the first two blocks, only stimuli with 0-ms jitter were presented, with 40 repeats per interval. This was intended as a replication of the main experiment for this group of naive participants. We term these initial two blocks the 'baseline' condition. For the following four blocks, all intervals and jitter values (0, 50 and 100 ms) were presented at random, with 40 repeats per interval and jitter value. We designate these conditions by their jitter values. Note that the baseline and 0-ms jitter conditions used the same stimuli, with no temporal jitter. However, the conditions differed because baseline trials were presented in blocks that only contained sounds without jitter, to replicate the main experiment, whereas 0-ms jitter trials were interleaved with trials for the 50-and 100-ms jitter conditions. Also, the baseline condition blocks were performed first. Participants responded through a computer keyboard. Response times were not recorded. All other details of the apparatus were as in the main experiment.
(c) Results (i) Pitch direction response
Psychometric curves were fitted to P(up) for each participant. For clarity, because results were visually similar, we only display the results for baseline and the maximal jitter value of 100 ms (figure 4a). The accuracy of participants, as measured by s for the fitted psychometric functions, was equivalent for baseline and 100-ms jitter (t 15 (
ii) Confidence ratings
Baseline results replicated the main and online experiments for non-musicians, but a dip in confidence appeared for these non-musicians at a jitter of 100 ms (figure 4b). As before, we compared confidence for the non-ambiguous cases (2, 4, and 10 st) to confidence for the ambiguous case (6 st). For the baseline condition, we found no ambiguity effect (t 15 ¼ 20.10, p ¼ 0.92). To quantify the effect of jitter on a participant by participant basis, we normalized the ambiguity effect observed for each jitter condition by subtracting the ambiguity effect observed for the baseline condition. Figure 4c displays the individual data for such normalized ambiguity effects. A negative ambiguity effect (a decrease in confidence for the ambiguous case) would correspond to the behaviour of musicians in the main experiment. Not all participants exhibited such a negative ambiguity effect, but for some of them the effect was as large as for musicians. The ambiguity effect differed from the baseline value only for the 100-ms condition (0 ms: 
(iii) Metacognitive performance
There was only one group of participants in this experiment, but we still tested whether the ambiguity effect might have been related to a different use of the confidence scale across conditions. This was not the case, as variations in the ambiguity effect between baseline and 100-ms jitter were not correlated to variations in meta-ratio (r 14 ¼ 0.24, p ¼ 0.38).
(iv) Interim discussion
Non-musicians exhibited a significant confidence dip for the non-ambiguous interval when a large temporal jitter was rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 372: 20160107 introduced, while for the baseline condition no dip was observed. However, there was some variability across participants. Furthermore, results were statistically less clear cut when all jitter conditions were interleaved (note also that we did not correct for multiple comparisons). The lack of difference across jitter conditions is likely due to a trend towards an ambiguity effect for 0 ms (figure 4c), even though this condition corresponded to the same stimulus as for the baseline but presented in a different context. A possible interpretation of this contextual effect is that non-musicians were able to partially discern the component tones, even without jitter, but only when their attention had been drawn to the structure of the stimulus by other trials that contained jitter. A further point to consider is that we did not test whether the jitter values were sufficient for all participants to discern component tones, which may also account for part of the variability across participants.
Discussion
Results from the three experiments can be summarized as follows. In the main experiment, all participants responded with 'up' and 'down' responses in equal measure when judging the pitch direction of an ambiguous stimulus. The same pattern of chance result was, predictably, observed when they compared two physically identical stimuli. However, confidence differed between the two cases: participants were more confident in their judgement for the ambiguous tones than for identical tones. Non-musician participants were even more confident for ambiguous tones, for which they were at chance, than for non-ambiguous tones, for which they could perform the task accurately. As the ambiguous tones also contained the largest interval between tones, results for non-musician participants are consistent with confidence mirroring the size of the perceived pitch shift, irrespective of stimulus ambiguity. Musicians provided the same pattern of responses for 'up' and 'down' judgements as non-musicians, but, importantly, response patterns differed markedly for confidence ratings. For musicians, confidence was lower for the ambiguous tones than for the non-ambiguous tones. In both groups of participants, response times mirrored the confidence ratings, with higher confidence corresponding to faster responses. The online experiment replicated those findings on a larger cohort (n ¼ 134), further demonstrating that the ambiguity effect was correlated with years of musical training. The control experiment showed that at least some naive non-musicians, initially unaware of the ambiguity, could exhibit an ambiguity effect when component tones were easier to discern. This confirms that the difference between musicians and non-musicians was perceptual and not purely decisional.
What was the nature of the perceptual difference between musicians and non-musicians? Based on prior evidence [29, 30] combined with the control experiment, we hypothesize that musicians were better able to discern acoustic components within Shepard tones. Discerning the components would have revealed that two opposite pitch-shift directions were available, leading to low confidence in the forced-choice task. The advantage previously demonstrated for musicians when discerning tones within a chord [30] or a complex tone background [28] did not seem to be based on enhanced peripheral frequency selectivity (although see [45] ). In our case, the octave spacing of Shepard tones was also greater than the frequency separation required to discern partials [46] , so we can rule out a difference in the accuracy of peripheral representations.
Another possible difference between listeners, perhaps due to more central processes, is the distinction first introduced by Helmholtz between 'analytic' and 'holistic' listeners [47] . Stimuli containing frequency shifts changing in one direction if one focuses on individual components, or the opposite direction if one focuses on the (missing) fundamental frequency, have been used to characterize such a difference. Analytic listeners focus on individual components, whereas holistic listeners focus on the missing fundamental. In one study, the analytic/holistic pattern of response was found to be correlated with brain anatomy, but not musicianship [48] . A later behavioural investigation suggested, in contrast, that musicians were overall more holistic [49] . Recent data indicate that listeners may change their listening style according to the task or stimulus parameters [50] . In our case, musicians would be classified as analytic if they spontaneously heard out component tones within ambiguous stimuli. Non-musicians were able to switch from holistic to analytic when the component tones were easier to discern. This confirms that the holistic/analytic distinction is task dependent [50] .
We would argue that a more general characteristic is relevant to the interindividual differences we observed: the ability to focus on sub-parts of a perceptual scene. In the visual modality, experts such as drawing artists [51] or video-game enthusiasts [52] have been shown to better resist visual crowding (the inability to distinguish items presented simultaneously in the visual periphery even though each item would be easily recognized on its own). This has been interpreted as enhanced 'attentional resolution' for experts. The notion of attentional resolution can be transposed to auditory perception, through what has been termed 'informational masking' [53, 54] . Informational masking is defined as the impairment in detecting a target caused by irrelevant background sounds, in the absence of any overlap between targets and maskers at a peripheral level of representation [53] . An effect of auditory expertise has been shown for informational masking. Musicians are less susceptible to informational masking than non-musicians when using complex maskers such as random tone clouds with a large degree of uncertainty [28] , environmental sounds [20] or simultaneous speech [23] . This has been interpreted as better attentional resolution for musicians [28] . Importantly, informational masking can also occur in simpler situations, through a failure to perceptually segregate target and background [53] . The Shepard tones we used certainly challenged perceptual segregation, because component tones had synchronous onsets and were all spaced by octaves [55] . Scene analysis processes related to informational masking may thus have caused non-musicians to hear Shepard tones as perceptual units, while reduced informational masking may have helped musicians to hear out component tones. Moreover, in the control experiment, asynchronous onsets between components were introduced, a manipulation that has been shown to reduce informational masking [56] . This led non-musicians to behave qualitatively like musicians, again consistent with an implication of informational masking in our task.
We now come back to the distinction, drawn in §1, between vague and polar percepts. The results suggest that, for nonmusicians, perception was polar: the intrinsic ambiguity of the stimuli was unavailable to awareness. This is consistent with recent observations using bistable visual stimuli [8] . In this visual study, the degree of ambiguity of bistable stimuli (defined as the proximity to an equal probability of reporting either percept) was varied, and reaction times were collected for the report of the first percept. No increase in reaction time was observed for more ambiguous stimuli, consistent with an unawareness of ambiguity, as in our results. Why would ambiguity, a potentially useful cue, not be registered by observers? One hypothesis is that ambiguity is not a valid property of perceptual organization at any given moment: either an acoustic feature belongs to one source, or it does not. This has been formulated as a principle of exclusive allocation for auditory scene analysis [55, 57] . However, there are exceptions to this principle, as for instance when a mistuned harmonic within a harmonic complex is heard out from the complex, but still contributes to the overall pitch of the complex [44, 46, 58] . Another hypothesis, perhaps more specific to our experimental set-up, involves perceptual binding over time. Shepard tones are made up of several frequency components, which have to be paired over time to define a pitch shift. If musicians heard Shepard tones as perceptual units, this may have biased the binding processes towards a single and unambiguous direction of shift. By contrast, if musicians were able to discern components, they may have experienced contradictory directions of pitch shift and thus ambiguity.
To conclude, we must point out that these interpretations remain speculative, especially as we have no direct evidence that musicians heard out component tones. Further tests could include counterparts to our control experiment, increasing informational masking to prevent musicians from discerning component tones. This could be achieved, for instance, by presenting shorter duration sounds. Context effects could also be used to bias perceptual binding in a consistent manner across components [33] , again predicting higher confidence for musicians. Irrespective of the underlying mechanisms, the mere existence of polar percepts demonstrates that a seemingly obvious feature of sensory information, ambiguity, is sometimes unavailable to perceptual awareness. The precise conditions required for polar perception remain to be explored experimentally. Ambiguity in the stimulus often causes multistable perception [9] , but it is still unknown whether all multistable stimuli elicit polar perception, or whether all polar percepts are associated with spontaneous perceptual alternations over time. By analogy to categorical perception, it could also be tested whether polar perception is a feature of conscious processing and absent from subliminal processing [59] . Finally, we showed that ambiguity was not experienced in the same way by different observers, so polar perception rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 372: 20160107 may be another useful trait to consider when investigating interindividual differences.
Conclusion
Ambiguous auditory stimuli [2, 4, 33] were judged with high confidence and fast reaction times by naive non-musician listeners, showing that those listeners were unaware of the physical ambiguity of the sounds. This confirms an untested assumption in previous reports about those stimuli [2, 4, 33, 60] . By contrast, musicians judged ambiguous stimuli with less confidence and slower reaction times, suggesting that they did perceive the ambiguity. We interpreted this interindividual difference as an enhanced attentional resolution in crowded perceptual scenes for musicians [28] [29] [30] . From a methodological perspective, we showed robust effects in confidence judgements for matched performance within participants (identical sounds versus ambiguous sounds), and robust interindividual differences for matched performance and matched stimuli (musicians versus non-musicians). Ambiguous stimuli may thus provide a useful tool for probing the neural bases of interindividual differences in perception. 
